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Anthropogenic greenhouse gas emission has become an eminent problem today 
especially CO2 gas emission is of major importance. Statistics show that CO2 
concentration is consistently increasing in atmosphere every year. Having cognizance of 
this problem, better CO2 absorbents, ionic liquids, has been suggested through this thesis. 
To prove Ionic liquid’s efficiency, a unique sensor was developed by a sophisticated 
fabrication using Femto-second (fs) laser. Sensor is built to work as an extrinsic Fabry-
Perot Interferometer (EFPI) to sense CO2.  
EFPI sensor consists of a glass tube fused between two single mode fibers, and a 
miniature hole is fabricated in the tube using fs-laser to admit ionic liquids as medium. 
EFPI works on the principle of the changes encountered by the light reflected back from 
the flat surfaces of the fiber at the two walls of the tube thus resulting in a wavelength 
shift in the original spectrum. This interference will strongly be affected by change in any 
optical property of the medium. 
As a medium of EFPI, Ionic liquid is exposed to CO2 through the fabricated hole 
and resultant shift in wavelength of the spectrum is referred to as a change in refractive 
index of Ionic liquid due to CO2 absorption. Dynamic response of this sensor is recorded 
using optical spectrum analyzer (OSA) and the data is processed using MATLAB. 
Spectrum is closely monitored to evaluate the accurate change in the refractive index of 
Ionic liquid. Experimental results clearly proved the change in refractive index of Ionic 
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1.1.MOTIVATION OF CO2 SENSING/MONITORING 
Due to a rapid increase in anthropogenic pollutants, GHG (Greenhouse gas) 
sensing has become one of the most researched topics in recent years. Along with the 




FIGURE 1.1. CO2 CONCENTRATION IN ATMOSPHERE, MEASURED AT 
MAUNA, LOA, HAWAII[1] 
 
The reason behind special interest on CO2 among GHGs is that the CO2 is rapidly 
growing in atmosphere due to an increase in burning of fossil fuels. Atmospheric 
concentration of CO2 has been increased by more than 30% since pre-industrial stage and 
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till continues to increase [1]. For the US, energy related CO2 emissions accounted for 
more than 99% in 2011 with electricity generation accounting for 40% of the total [2].  
 
1.2.LITERATURE REVIEW 
Optical fiber sensors are profoundly being used now due to their distinctive 
advantages over conventional sensing techniques. These advantages include immunity to 
electromagnetic interference, survivability in chemical/corrosive environment, and high 
sensitivity making the optical fiber sensors ideal to measure physical (e.g., stress, 
temperature, pressure, refractive index, etc.) and chemical (e.g., pH, chemical 
concentration, humidity etc.) parameters. The dynamic range and resolution of optical 
sensors can potentially be much greater than conventional sensors [3, 4]. Due to their 
survivability in chemical environment, optical fiber based devices are widely used in 
chemical sensing and applications. 
In past two decades, gas sensors based on the laser diode absorption spectroscopy 
have been transformed from research models to commercial products.  High sensitivity 
and selectivity is achieved with sophisticated signal processing techniques. Invention of 
Quantum cascaded laser (QCL) sensing by Bell laboratories in 1994 provided high power 
sources at room temperature in MWIR (Mid wavelength Infrared) region [6]. QCL 
operates similar to conventional laser diodes; however, photons are produced from 
intersubband transitions rather than recombination processes. Uniqueness of QCL lies in 
their ability to re-inject the transition photon into subsequent hetero-structure (Typically 
Ga/As or InGaAs/AlInAs) creating a cascaded effect of Laser [5]. Rapid progress in the 
research related to QCL lead to its acceptance in wide range of applications in absorption 
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based gas sensing [6, 7]. DFB (Distributed feedback) QCLs provide emission of single 
wavelength with wide tuning range in MWIR [7]. However, Quantum cascaded laser’s 
component cost and manufacturability as well as the availability of high-performance 
supporting optical components and detectors remains a challenge for commercial 
products, prototype demonstrations in automotive, environmental, biomedical, and 
security applications during the previous decade [8]. Among absorption spectroscopy 
methods, Hallow waveguide sensing has also shown promise as sensitive means of 
detection in gas sensing, however, its large optical length requirement in absorption based 
sensing denied it preference over FPI cavity based sensors [7]. 
Fabry Perot Interferometers are particularly attractive owing to their small cross 
sensitivity and extremely small form factor [9]. Fabry-Perot Interferometer (FPI) has 
been widely used in sensing temperature, pressure, strain, refractive index, etc. [10]. FPI 
sensors are classified into two major types: Intrinsic Fabry-Perot Interferometers (IFPI) 
and Extrinsic Fabry-Perot Interferometers.  EFPI sensors are usually made using two 
sections of same or different type of optical fibers, fused to an external housing whereas 
IFPI sensors made within a single fiber. Due to fusion of different fibers, EFPIs have 
high coupling loss and difficulty while bonding. Most of the EFPIs are fabricated in 
closed cavity which restricts their application to physical parameters [11, 12]. The IFPI 
sensors with fiber cavity fabricated inside the fiber itself, can overcome the disadvantages 
of EFPI sensors. However IFPI sensors struggle with low reflectivity due to small 
refractive index change along the sensor cavity [13, 14, 15]. In recent times so many 
techniques were used to fabricate FPI sensors, like direct fabrication using Femtosecond 
laser by Rao et al, hybrid structured type, mechanical fusion of hollow glass tube and FPI 
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at the tip of SMF using electric arc fusion of silica tube. N.A.S.A. has used the FPI 
sensing technique to sense CO2 and CH4 in recent times [16]. Use of photonic crystal 
fiber (PCF) and Multi-mode fiber (SMF) can also be seen in past publications. 
 
1.3.IMPORTANCE OF IONIC LIQUIDS 
To capture the CO2 emissions, techniques being used in power plants are 
classified in to three main types: 
1. Pre-combustion type 
2. Post-combustion 
3. Oxy-combustion.  
Most widely used technique among above three is Post-combustion, in which flue 
gases are scrubbed against CO2 lean solvent to remove 85-90% of CO2 [17]. Latest 
technologies for CO2 removal are using inorganic alkali and aqueous amine solutions. 
However use of inorganic alkaline cause serious corrosion damage to the equipment and 
formation of carbonate lead to high costs and energy during the absorption solution 
regeneration; and use of alkanolamines also cause several concerns like corrosion of 
amine system, extra cost, degradation at high temperature especially during regeneration, 
oxidative degradation and volatility, due to which they tend to get lost in the gas stream 
[18].  
In recent times, extensive research has been conducted to replace these 
conventional solvents and a novel solvent; Ionic liquid is discovered. Ionic liquids are 
proved to have tremendous characteristics as CO2 lean solvent. Ionic liquids are basically 
molten salts possessing properties like excellent thermal and chemical stability, almost 
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undetectable vapor pressure, wide liquid state range of about 300ºK and non-toxicity 
made Ionic liquid, a  unique solvent in CO2 capturing field [18, 19]. Ionic liquids are 
called as Green solvents in contrast to conventional solvents due to their negligible 
vapor-pressure. The Ionic-liquid used for the results presented in this thesis was 1-Butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide; abbreviated as [BMIM][TF2N] 
from Sigma-Aldrich. This particular Ionic-liquid has got empirical formula of 
C10H16F8N3O4S2, and molecular weight as 419.36 grams/mole. The structure of 
[BMIM][TF2N] is shown in Figure 1.2 below. 
  
 
FIGURE 1.2. STRUCTURE OF [BMIM] [TF2N] 
 
In past, detailed research was conducted to find out the specifications of this 
particular Ionic liquid [20]. In a dissertation submitted to the University of Notre Dame, it 












Henry constant is an important term to define the absorbing capability of any solvent.  
The same source has proved that Henry constant of [BMIM][TF2N] at room temperature 
is   
H (bar) =  33.0 1.4      (1.3.2) 
 
Henry constant is desired to be smallest to have higher affinity for absorption. 
It was also proved that Ionic Liquid with ‘TF2N’ anion has higher affinity towards 
CO2 compared to many Ionic liquids with other anions. Further, it was also reported that 
solubility of CO2 in [BMIM][TF2N] is inversely proportional to temperature and directly 
proportional to pressure. Temperature and pressure relationship of [BMIM][TF2N] 
absorbance is clearly shown in the Figure 1.3 below. 
 
 








1.4.GENERAL PRINCIPLE OF FABRY-PEROT INTERFEROMETER 
The principle of Fabry-Perot was first explained by Fabry & Perot in 1899. Fabry-
Perot type sensors basically use multiple mirror reflections to observe the pattern of 
interference. One such type of Fabry-Perot is shown below where FPI is formed with 
glass tube housing between two Single mode fibers. Ends of both SMF and Silica tube 
are properly cleaved to avoid losses.  
Figure 1.4 on the next page shows a basic structure of Fabry-Perot interferometer 
where light of wavelength λ is incident on the parallel plates and is reflected many times 
by the semi-reflecting surfaces. However, light will only be transmitted across to the 
other side when all the multiply-reflected waves arrive together in phase – i.e. when the 
path difference between them is an integral number of wavelengths. 
 
 
FIGURE 1.4. SCHEMATIC REPRESENTATION OF FABRY-PEROT 
CONFIGURATION [21] 
 
For the two adjacently transmitted beams in Figure 1.4 above (i.e. only two-beam 




  Path Difference = (AB + BC) – AD     (1.4.1) 
 
Applying simple trigonometry will yield it to be 
    = 2d cos θ      (1.4.2) 
 
(Notice that Equation (1.4.2) indicates that, for a fixed d, the path difference is largest 
when θ = 0º) Constructive interference occurs between two given beams whenever their 
path difference is an integral multiple of λ: i.e. = Nλ , where N is an integer. 
Thus, the condition for bright fringes (constructive interference) for the beams in 
Figure 1.4 is: 
 
2d cosθ = Nλ     (1.4.3) 
 
If light is arriving on the plates from many different directions (i.e. the light source is 
diffused rather than collimated as implied in Figure 1.4) then, a circle of bright light (i.e. 
subtending the same θ) will be observed, corresponding to all the possible beams that 
constructively interfere with a path difference of Nλ. The next innermost (say) circular 
fringe will correspond to a smaller θ for which the path difference is (N+1)λ.  
For a two-beam interferometer, such as a Michelson instrument, one can then 
show that the intensity I of the fringes varies with the phase δ (where δ =2 /λ =4 dcosθ/λ ) 
as : 
 20 cos / 2I I       (1.4.4)   
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When multiple interfering beams are involved (i.e. where we consider all possible multi-
reflected emerging beams at a given angle to the right in Figure 1.4, not just the bottom 
two), the fringes observed obey similar rules to those above but become much sharper. 
Then, for the Fabry-Perot multiple-beam interference, the intensity varies with δ as: 
 
   
0







  (1.4.5) 
 
Where Ireflection is intensity of reflections and R is the reflectivity of the interferometer 
plates. 
Figure 1.5 shows Equation (1.4.5) plotted for different values of R. Notice that 
increasing R  makes the fringes get much sharper (i.e. the “resolving power” of the 
instrument increases). The phase parameter δ (= 4πd cosθ /λ) is essentially a measure of 
the angle θ, so each successive peak in Figure 1.5 represents the intensity of a circular 
fringe or ring at a given corresponding θ. 
The quality of the metal cavity in FPI is measured in terms of finesse F. The FPI 
with higher finesse will give a sharper transmission peak. In Figure 1.5 the 95% 












     (1.4.6) 
In this thesis, the finesse used is lesser than 4% because the refractive index 





FIGURE 1.5. NORMALIZED INTENSITY IN FPI AS A FUNCTION OF THE PHASE 




The main objective of this thesis was to design and fabricate an open cavity based 
EFPI and to develop a CO2 sensor for environmental applications. Specific objectives of 
the research were as following: 
 
1. Construct an EFPI with an open cavity using Femtosecond laser. 
2. Develop a CO2 sensor employing EFPI and Ionic liquids for various applications. 
3. Perform in-situ monitoring of EFPI based CO2 sensor. 





2. SENSOR FABRICATION AND PRINCIPLE OF MEASUREMENT 
2.1.FABRICATION 
Desired structure is an EFPI based on a cavity fabricated using a Femtosecond 
laser machining. Fabrication of the sensor in this thesis is classified into two phases: in 
the first phase, an inline FPI is constructed using Arc fusion welding of a hallow glass 
tube between two standard SMFs and in the second phase, a cavity of desired dimension 
is etched into the already constructed Inline EFPI.   
2.1.1. Fabrication; Phase-1. The expected outcome in the first phase of 
fabrication is an old technique reported as in-line fiber etalon [21]. A standard Corning, 
SMF-28 single mode fiber was used for the fabrication, and outer diameter of the hollow 
tube used was equal to the outer diameter of SMF-28. Wall thickness of the tube was 25 
um. First, a cleaved-end section of SMF (lead-in fiber) was Arc-fused to the cleaved end 
of hollow silica tube. To cleave silica tube to the hollow tube, the polymer coated on the 
glass tube surface had to be removed.  Other end of silica tube is then cleaved at the 
desired length carefully under the micro-scope. For cleaving at a precise distance under a 
microscope, microscope was attached to a moving stage with high resolution digital 





FIGURE 2.1. IN-LINE EFPI SENSOR AS SEEN THROUGH MICROSCOPE 
 
2.1.2. Fabrication; Phase-2. This fabrication through Femtosecond laser 
machining is as shown in the Figure 2.2 in the next page. Femtosecond laser machining 
has been used several times before for creating micro-structure on silica [22, 23, 24, 25, 
26]. A similar schematic diagram for fs-laser machining is shown in the Figure 2.3 in the 
next page. The femtosecond-laser system operates at a center wavelength of 800 nm with 
the repetition rate and pulse width of 250 kHz and 200 fs, respectively. The laser system 
provides an output of ~0.8 W which was then reduced to 40 mW by using a combination 
of wave plates and polarizers. An objective lens was used to focus the laser beam on the 
tip of the fiber to etch the cavity. The fiber was mounted on a computer-controlled five-
axis translation stage (Aerotech, Inc.) with a resolution of 1 µm. So 1 μm of surface of 
the cavity is ablated with each scan cycle (exposure), and is exposed to the area of 70 μm 





FIGURE 2.2. STRUCTURE OF CAVITY AFTER FEMTOSECOND LASER 
MACHINING 
 
Fabrication process also employs a flow of inert/Nitrogen gas throughout the 
process of surface ablation to ensure the debris is removed away from the top surface of 
cavity. The cavity was cleaned using ultra-sonic wave meter before using it for the 
experiment. 
 






2.2.PRINCIPLE OF MEASUREMENT 
2.2.1. FPI Fundamental. A typical Fabry-Perot interferometer uses arrangement 
of parallel surfaces kept at a specific separation with each other. Light from these 
surfaces get partially reflected and superposition of multiple beam of reflected light forms 
an interference pattern.  The Figure 2.4 below shows a basic type of FPI sensors. The 
SMF on left hand side is a lead-in fiber fused to the other SMF on right hand side through 
a silica tube housing in between acting as FPI cavity.  In the structure used, the fiber end 
of lead-out fiber was made rough to eliminate its reflection. Therefore, two mirrors are 
formed in the structure below; one is at the interface (interface-1) of lead-in fiber and 
silica tube, and the other at the interface (interface-2) of tube and lead-out SMF. 
 
FIGURE 2.4. SCHEMATIC DIAGRAM OF FPI SENSOR 
 
Incident light from source gets partially reflected by the first interface-1 as 
1I  and 
partial of remaining light gets reflected at interface-2 as 2I . I1 and 2I   superimpose with 




2.2.2. Sensing Mechanism. A typical interface of glass and air produces 
reflectivity of 4%. However, the cavity used in this thesis was a silica tube filled with 
Ionic liquid. Therefore, the interface of glass and Ionic-liquid produce reflection less than 
4%. Under these conditions, FPI cavity is commonly referred to as low-finesse cavity and 
its waveform is explained in Figure 1.4 in the page-9. While reflectance can be 











         (2.2.2.1) 
 
Whereas, R is reflectance, 
fibern is refractive index of SMF-28; 1.4682 at 1550nm as per Corning specifications, 
.i liquidsn  is refractive index of Ionic-liquids inside the cavity. 
This FPI can be modeled as two beam interference model as given in equation 
2.2.2.2. The equation shows that the Irradiance (power per unit area) is directly 
proportional to the length and refractive index of cavity. 
 
    









    
 
   (2.2.2.2) 
 
Where 1 2,I I   Intensity of reflections at surfaces, 
n = refractive index, L= length of the cavity, 
    Wavelength of the spectrum; 0   initial phase of the interference. 
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A sample interference spectrum of FPI is shown in the Figure 2.5 in the page-17, 
with adjacent valleys marked.  
 
 
FIGURE 2.5. REFLECTION SPECTRUM OF AN FPI 
 
The phase difference between two peaks/valley of interference should be equal to 
2   using which the refractive index change of medium can be monitored during the 
experiment as 
 







      (2.2.2.3) 
 
Where       are two adjacent valleys/peaks of interference spectrum 
 L is length of the cavity, 






































     (2.2.2.4) 
Owing to its sensitivity towards optical properties of the cavity, wavelength of the 
FPI spectrum will shift. The deviation in wavelength is tracked to calculate the change 
in refractive index of Ionic-liquids as 1 . 
 










     (2.2.2.3) 
 
 The change in wavelength   of the interference spectrum will be proportional to the 




3. EXPERIMENTAL METHODOLOGY 
3.1.EXPERIMENTAL SET-UP 
A standard single mode fiber SMF-28 sensor was connected to a 3dB coupler. As 




FIGURE 3.1. SCHEMATIC DIAGRAM OF SENSOR CONNECTION 
 
Broad band sources used in this research is made by multiplexing C-band and L-
band erbium-doped fiber amplified spontaneous emission (ASE) sources, which can 
cover the spectral range of 1530 to 1610 nm. Interference fringes reflected at sensor 
through coupler are recorded using an OSA (Optical Spectrum Analyzer) as shown in 
Figure 3.1 above.Ionic-liquid is injected in to the cavity using a long tapered glass tube, 




FIGURE 3.2. EXPERIMENTAL SET-UP FOR IONIC LIQUID INJECTION 
 
Cavity and the syringe are fixed on 3-dimenstionally movable stages respectively 
under the microscope. Both the stages are adjusted to bring syringe in to a suitable 
position to inject Ionic-liquid in to the cavity. In every trial of experiment it is ensured 
that Ionic-liquid inside the cavity does not contain any air-bubbles to avoid ambiguity in 
the interference pattern. Use of ultra-sonic waves also eliminates air bubbles if there are 
any. 
 




Ionic liquids are hydrophilic substances and it is required to regenerate them before every 
experiment. Imidazolium type of Ionic-liquids can have a capturing rate of up to 7.4% at 
room temperature when exposed to dry stream of CO2 for 3 hours. Moreover this 
absorption is reversible and can be achieved by heating the Ionic-liquid for several hours 
at temperature close to 100
0
C [18]. Figure 3.4 below shows the regeneration set-up of the 
ionic liquid using Furnace. Ionic liquid was heated in the furnace until 100 
0
C and 
maintained at this temperature for more than 20mins. Since, quantity of the liquid in the 
cavity was very low so, it is assumed that the amount of time is enough for regeneration. 
During the heating process, a consistent flow of Argon gas was maintained to keep Ionic 
liquid isolated from atmospheric moisture and gases and flow of inert gas (i.e Argon) is 
maintained until sensor is brought down to room temperature. CO2 absorption experiment 
was carried out at room temperature to avoid temperature gradient effect in FPI sensor. 
  
 




 Flow of gas is chosen to be low, typically in range of 5-10ml/min to get rid of 
any fluctuation. OSA is connected to a computer with MATLAB and interference 
spectrums are recorded with the desired frequency. In Figure 3.5, a clear comparison is 
made of Ionic liquid before and after regeneration. 
 
   
FIGURE 3.5. COMPARISON OF REFLECTION SPECTRUM 
 
Deviation of phase and visibility is seen after regeneration in Ionic liquids after 
sensor was placed in the furnace and temperature is raised until 100
0
C. Shift in 
wavelength was measured to be slightly more than 1nm towards left. Applying phase 
matching condition mentioned earlier in equation (2.2.2.4) refractive index deviation can 
be calculated as  











Refractive index of liquid came out as 1.469 whereas after regeneration refractive 
index shift to be 1.398. This shift could be due to absorption of moisture in the store 




















IL before regeneration 
IL after regeneration 
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4. RESULTS AND DISCUSSION 
4.1.APPLICATION 
Refractive Index Measurement. Apart from Ionic liquid, some other 
fluids were also injected to investigate and confirm their refractive index. The 
Figure 4.1 below shows the difference in the reflection spectrums of 
Air(refractive index = 1), Acetone(refractive index = 1.359), Ethanol(refractive 
index = 1.35713) and Water(refractive index = 1.33). The Figure 4.1 shows that 
the reflection spectrum of air has a high reflection power when compared to other 
liquids indicating that that sensor assumed medium other than the air.  
 
 
FIGURE 4.1. REFLECTION SPECTRUM OF FPI 
 
Accurate refractive indexes were calculated using phase matching condition and 
the results came out to be approximately equal to the respective known refractive indices 



























4.2. CO2 ABSORPTION EXPERIMENT 
In-situ Monitoring. As explained in section 3 of the thesis, in-situ 
monitoring of regeneration and absorption of CO2 was done and the results are as 
shown in Figure 4.2 below.  
  
 
FIGURE 4.2. PHASE VS TIME GRAPH OF SENSOR 
 
Where  Phase-1 is the time period for which the sensor was heated until 100
0
C in multiple 
steps, 
Phase-2 is the time phase when the liquid was brought down to room temperature and 
Phase-3 is the time when flow of CO2 is maintained through the sensor.  
A huge deviation in the phase (wavelength) is observed during phase 1 and phase 
2. This might have been due to bubbling of liquid inside the sensor during positive and 
negative temperature gradient. Inert gas (Argon) flow of 5ml/min was maintained during 




















An equal flow of CO2 was maintained in phase-3 of the experiment as shown in Figure 
4.3. Phase-3 recorded close to 2 nm of shift in first 75mins of the absorption phase and 
remaining 1nm shift was seen in later stage of 5 hours followed by the constant 
wavelength response of the sensor. As the flow of CO2 carried out in closed and isolated 
(from atmosphere) chamber of furnace, shift in wavelength must be due to absorption of 
CO2 by Ionic-liquids. A clear picture of phase-3 can be shown in the Figure 4.3 below 
where reflection spectrum is seen as consistently shifting towards right due to change in 
the refractive index of ionic liquid as absorption of CO2 increases. 
 
  
FIGURE 4.3. DEVIATION OF WAVELENGTH OF REFLECTION SPECTRUM 
DURING PHASE-3 
 
In the Figure 4.3, each curve is recorded after the time intervals of 1000 Sec 
(16.66mins) in the beginning stage of phase-3.  With each time interval, wavelength 
spectrum was seen shifting towards right as a enforcing our theory of absorption of CO2 
by ionic liquids. Each time interval witnessed the shift of 0.33 nm wavelength during the 


























FPI sensors are used in wide range of applications owing to their reliability and 
prominence in aspects like immunity of electromagnetic interference, survivability in 
harsh environment, compactness etc. Recently, the EFPIs fabricated using femtosecond 
laser machining have attracted significant attention due to their precedence over 
conventional, closed cavity EFPI sensors. The limitation of inline closed cavity EFPIs 
have been overcome by using femtosecond micro machining with the added advantages 
of low power loss and better sensing properties. Ionic liquids also emerged as highly 
researched CO2 absorbents in recent times due to their undeniable advantages over 
conventional amines. Therefore the requirement presents an opportunity for the use of 
EFPI for in-situ monitoring of CO2 absorption in ionic liquids. 
The thesis work is dedicated to fabricate an EFPI sensor through femtosecond 
fabrication, for in-situ monitoring of CO2 absorption by ionic liquids. Experiments were 
conducted to find out the extent of absorption, and its effect on characteristics of EFPI. 
Experiments conducted successfully demonstrated the application of refractive index 
evaluation, for unknown fluids. The refractive indexes of Air, acetone, ethanol and water 
were calculated through phase matching condition of EFPI. Results obtained shown 
agreement with the Ideal values of fluids. CO2 absorption experiment was an effort 
through this thesis to prove the efficiency of ionic liquid as better CO2 lean solvent and 
uniqueness of the EFPI. In-situ monitoring of the experiment has witnessed a 4 nm shift 
in wavelength that proves absorption of CO2 with reference to the change in refractive 
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